Introduction
Nuclear factor-kB (NF-kB) transcription factors comprise a family of critical regulators of the innate and adaptive immune response that have an important role in promoting inflammation, 1 in the regulation of virus replication 2 and in the control of cell proliferation and survival. 3 NF-kB normally exists as an inactive cytoplasmic complex, whose predominant form is a heterodimer composed of p50 and p65 (RelA) subunits, bound to inhibitory proteins of the IkB family (IkBs), and is induced in response to a variety of pathogenic stimuli, including ultraviolet radiation, exposure to proinflammatory cytokines or mitogens, and to bacterial or viral infection. [1] [2] [3] Induction usually requires the activation of the IkB kinase (IKK) complex, which is composed of two catalytic subunits (IKKa and IKKb) and the IKKg/NEMO regulatory subunit. In the classical pathway, the activation of IKKb causes the phosphorylation of IkBs at sites that trigger their polyubiquitination and degradation by the 26S proteasome complex. An alternative pathway responds to the engagement of receptors for cytokines, such as lymphotoxin-b or CD40, through the involvement of IKKa homodimers. 4 Both pathways ultimately elicit the degradation of the NF-kB inhibitory peptides, resulting in nuclear translocation of NF-kB dimers and their binding to DNA at specific kB sites, rapidly inducing a variety of genes encoding, among others, cell adhesion molecules, inflammatory and chemotactic cytokines, cytokine receptors and enzymes that produce inflammatory mediators. 1 Nuclear factor-kB activation has been connected with multiple aspects of oncogenesis, including the control of cell migration, cell-cycle progression and differentiation, as well as apoptosis. 5 NF-kB generally acts as an anti-apoptotic factor, and suppresses cell death pathways by switching on genes that hinder pro-apoptotic signals, including members of the B-cell leukemia/lymphoma 2 (Bcl-2) family, tumor necrosis factor (TNF) receptor-associated factors 1 and 2, the FADD-like IL-1b-converting enzyme-inhibitory protein cFLIP, cellular inhibitorof-apoptosis proteins 1 and 2 (cIAP-1 and cIAP-2) and X-chromosome-linked inhibitor-of-apoptosis protein (XIAP). 3 NF-kB-driven anti-apoptotic action confers a tremendous advantage in the clonal selection of neoplastic cells. In fact, sustained constitutive NF-kB activity has been found in several types of neoplastic cells, including various hematological malignancies. 6 In addition, activation of NF-kB in cancer cells by chemotherapy or by radiation has been shown to induce the multi-drug resistance response, which impinges on the ability of the therapy itself to induce cell death. 7 In this perspective, inhibition of NF-kB is expected to be therapeutic in those tumors in which NF-kB seems to have a unique survival role, such as multiple myeloma, 8 Hodgkin's and non-Hodgkin's B-cell lymphomas [9] [10] [11] and Burkitt's lymphoma. 12 Our previous studies on the biological activity of cyclopentenone prostanoids led to the discovery of a cross-talk between NF-kB and heat shock factor type-1 (HSF1), a transcription factor with a major role in the control of the heat shock response (HSR). 13 In humans, the HSR is regulated by a family of three functionally different heat shock transcription factors. [14] [15] [16] HSF1, which mediates signaling of stress-induced stimuli, such as elevated temperatures, is generally found in the cytoplasm as an inert monomer lacking transcriptional activity. After exposure to heat shock and other types of stress, monomers oligomerize to a trimeric state, form stress-induced intranuclear granules and bind to heat shock element (HSE) sequences that are located upstream of heat shock-responsive genes, switching on stress-induced transcription of heat shock proteins (HSP), including members of the HSP70 and HSP90 families, HSP27 and other proteins of the network. 17, 18 HSPs act as molecular chaperones in assisting the correct folding, assembly, and intracellular transport of nascent proteins, as well as in circumventing stress-induced degradation and aggregation of misfolded proteins that could be toxic to the cell. 19, 20 As HSP synthesis increases, HSP70 and other chaperones relocalize in the nucleus and bind to HSF1, leading to dissociation of trimers and attenuation of the response. 18, 19 We have previously shown that different chemical and physical inducers of the HSR, including cyclopentenone prostanoids, sodium arsenite, serine protease inhibitors as well as heat shock itself, prevent NF-kB activation triggered by cytokines, mitogens or viruses. 13, 21, 22 Starting from these observations, in this study we analyzed whether heat stress may also inhibit constitutive NF-kB activity, and examined its effect on the survival of B-cell neoplasms.
Materials and methods

Cell culture, treatments and in vitro transduction
Eleven human cell lines were used for this study: Burkitt's lymphoma HS-Sultan and BL-41, acute leukemia K562 cells and multiple myeloma U266 (obtained from the American Tissue Culture Collection, Manassas, VA, USA); KMM1 and RPMI 8226 multiple myeloma (kindly provided by Professor A Neri, Policlinico di Milano, Milan, Italy); activated B-cell-like (ABC) OCI-Ly10 and U2932, and germinal center B-cell-like (GCB) OCI-Ly7 and OCI-Ly19 diffuse large B-cell lymphoma (DLBCL; kindly provided by Dr F Bertoni, Oncology Institute of Southern Switzerland, Bellinzona, Switzerland). In addition, a clone of drug-resistant JJN3 multiple myeloma cells (JJN3r), not presenting NF-kB aberrations, 23 was used. Cells were grown in RPMI-1640 medium (Gibco, Grand Island, NY, USA), supplemented with 10% fetal bovine serum, 2 mM L-glutamine and antibiotics (Invitrogen, Carlsbad, CA, USA) at 37 1C in a humidified atmosphere of 5% carbon dioxide. For heat treatments, cells (5 Â 10 5 cells/ml) were subjected to heat shock at the indicated temperatures in a precision water bath-W14 (Grant Instruments, Cambridge, UK) at 24 h after plating. TNF-a, cycloheximide and dexamethasone were purchased from Sigma (St Louis, MO, USA) and bortezomib (Velcade) was from Millennium Pharmaceuticals (Cambridge, MA, USA). Construction of lentiviral vectors LV-shp65, containing the human p65-specific shorthairpin RNA (shRNA) oligonucleotide, and LV-shC, containing the mutated p65 target sequence, was described previously. 24 High-titer lentiviral vector stock was produced in 293T cells by calcium phosphate-mediated transfection of the modified transfer vector and the packaging vectors, pMDLg/pRRE, pRSV-Rev and pMD2.VSVG. Virus harvested at 60 h was concentrated using ultracentrifugation (50 000 Â g). Virus titers were determined by measuring the amount of human immunodeficiency virus type 1 p24 antigen using enzyme-linked immunosorbent assay (PerkinElmer Life Science, Boston, MA, USA). HS-Sultan and K562 cells (1 Â 10 5 ) were transduced with 300 ng of lentiviral p24 in the presence of polybrene (8 mg/ml).
Western blot analysis
Equal amounts of protein (20 mg/sample) from whole-cell extracts prepared after lysis in extraction buffer (50 mM TrisHCl, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 5 mM EDTA, 1 mM Na 3 VO 4 and 1 mM phenylmethyl-sulfonyl-fluoride and protease inhibitors) were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto nitrocellulose membranes, and filters were incubated with the primary antibodies, followed by decoration with horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit antibodies (1:10 000; Amersham, Arlington Heights, IL, USA). Immunocomplex detection was performed using enhanced chemiluminescence system (SuperSignal-West, Pierce, Rockford, IL, USA), and images were captured using Luminescent-Image-Analyzer LAS-3000 (Fujifilm Corporation, Tokyo, Japan). Monoclonal antibodies to a-tubulin were purchased from Sigma, to HSP70 from Stressgen (Victoria, BC, Canada) and to Bcl-2 from Upstate (Millipore Corporation, MA, USA). Rabbit polyclonal antibodies to p65, poly(adenosine diphosphate ribose)polymerase (PARP), and to caspase-3 (procaspase and activated fragments p19/17) were purchased from Cell Signaling Technology (Beverly, MA, USA), and to cIAP-2 and XIAP from R&D Systems (Minneapolis, MN, USA).
Electrophoretic mobility shift assay (EMSA)
Aliquots of total extracts (12 mg protein/sample) in 0.1% Triton X-100 lysis buffer were incubated with 32 P-labeled kB 25 
Analysis of apoptosis
For annexin-V staining, cells were suspended in staining buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4, 140 mM NaCl and 2.5 mM CaCl 2 ) with 5 ml annexin V-fluorescein isothiocyanate or annexin V-allophycocyanin conjugate for the analysis in p65-interfered cells (BectonDickinson, San Jose, CA, USA). Alternatively, cells were stained with the mitochondrion-permeable, voltage-sensitive dye tetramethylrodamine methyl ester (Molecular Probes, Eugene, OR, USA) for the analysis of apoptotic DLBCL cells. 23 After 15 min of incubation in the dark, cells were analyzed by flow cytometry (FACS) using FACScan (Becton-Dickinson) and evaluated using CellQuest Program (Becton-Dickinson).
Reverse transcription-PCR
Total RNA was extracted using the TRIzol reagent (Invitrogen), according to the manufacturer's instructions, and processed as described. 27 Primers for HSP70 were 5 0 -CAGGTGATCAA-C GACGGAGACA-3 0 (sense) and 5 0 -GTCGAT-CGTCAGGATGG ACACG-3 0 (antisense), and for Bcl-2 were 5 0 -CACCTGTGGTCC ACCTGAC-3 0 (sense) and 5 0 -TTGACGCTCTCCACACACAT-3 0 (antisense). Primers for cIAP-2 and glyceraldehyde 3-phosphate dehydrogenase were described previously.
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Results and Discussion
Hyperthermic stress inhibits constitutive NF-kB activity in HS-Sultan B-cell lymphoma Burkitt's lymphoma is an aggressive B-cell tumor, which often presents aberrations in NF-kB regulation, whose hallmark is the activation of the c-myc oncogene through a reciprocal translocation that juxtaposes the c-myc gene on chromosome-8 to one of the immunoglobulins loci. 28 It has been shown that NF-kB activity is required for c-myc expression under the control of the immunoglobulin heavy chain enhancer, suggesting that interference with NF-kB function may represent a successful approach to Burkitt's lymphoma treatment. 28 To analyze the effect of heat stress on constitutive NF-kB DNA-binding activity, we used as a model the HS-Sultan Burkitt's lymphoma cell line, which was previously shown to present aberrant NF-kB regulation. 8, 24 HS-Sultan cells were either kept at 37 1C or subjected to hyperthermic treatment (HT) at 41, 43 or 45 1C for 45 min. After different periods of recovery at 37 1C, whole-cell extracts were analyzed for HSF and NF-kB DNA-binding activity using EMSA (Figure 1 ). Exposure to 43 and 45 1C strongly activated HSF (10-and 12-to 15-fold, respectively), whereas treatment at 41 1C caused only a modest activation of HSF (50% above control), as demonstrated by MDP analysis (Figure 1a , bottom). As expected according to the transient nature of HSF1 activation, 29 both the intensity and the length of HSF activation were dependent on the temperature used. After exposure to 41 and 43 1C, HSF DNA-binding activity returned to control level after 2 h recovery at 37 1C, whereas after treatment at 45 1C HSF activation persisted at elevated levels for at least 3 h.
As expected, HS-Sultan cells were found to show constitutively high NF-kB DNA-binding activity. The major NF-kB band in HS-Sultan cells was shown to consist of the p65/RelA subunit. 24 HT was found to cause an inhibition of constitutive NF-kB activity, which was inversely correlated with HSF activation in HS-Sultan cells. NF-kB activity was not significantly altered in HS-Sultan cells heat-shocked at 41 1C; HT at 43 1C resulted in a transient inhibition of NF-kB, whereas HT at 45 1C resulted in a marked and persistent inhibition of constitutive NF-kB DNA-binding activity ( Figure 1b ). The levels of the RelA/p65 NF-kB subunit were not altered under these conditions (data not shown).
Heat-induced NF-kB inhibition is rapidly followed by apoptosis in HS-Sultan cells
The relationship between HSR activation and inhibition of constitutive NF-kB was further analyzed in HS-Sultan cells and compared with the effect on human acute leukemia K562 cells, which show low basal level of NF-kB activity. 24 HS-Sultan and K562 cells were subjected to HT at 41, 43 or 45 1C for 45 min. After a 3-h recovery period at 37 1C, whole-cell extracts were analyzed for HSF and NF-kB activity using EMSA. As expected at this time of recovery, HSF1 activation was detected only in HS-Sultan cells subjected to 45 1C HT (Figure 2a Conversely, K562 cells were resistant to apoptosis induction at all temperatures tested. The effects of hyperthermic treatment are strictly dependent on the increase in temperature above physiological conditions and the duration of exposure. Consequently, we analyzed the effect of temperature versus length of treatment on HSF and NF-kB activity, and induction of apoptosis in HS-Sultan and K562 cells. Cells were subjected to 45 1C HT for 20, 30 or 45 min and, after 3-h recovery at 37 1C, whole-cell extracts were analyzed for HSF and NF-kB activity. As shown in Figure 2b , HSF was strongly induced in both cell lines independently of the time of exposure; a 20-min HT at 45 1C was sufficient to markedly inhibit constitutive NF-kB activity in HS-Sultan cells, whereas no effect was found in K562 cells (Figure 2b Heat shock impairs NF-jB survival signaling G Belardo et al resulted in a marked enhancement of annexin V þ cells already at 6 h after treatment.
Temperature and duration of heat exposure are known to be regulated in a way that a decline of 11C can be compensated by doubling the exposure time for temperatures above 43 1C. 30 In this context, we studied the effect of exposure of Burkitt's lymphoma cells at temperatures below 45 1C for different time intervals. HS-Sultan cells were subjected to HT at 43 1C for 90, 120 or 150 min, at 44 1C for 30, 60 or 90 min, or at 45 1C for 30 min as a positive control. Aliquots of cells were analyzed for HSF and NF-kB activity at 3 h after the end of treatment; parallel samples were collected at 24 h after treatment to determine the level of the caspase-3 substrate PARP as a marker of apoptosis. As shown in Supplementary Figure 1a , in cells exposed to 43 1C up to 150 min, HSF activity returned to basal levels after a 3-h recovery period. On the other hand, HSF activation persisted up to 3 h after the end of treatment in cells exposed to 44 1C for 60 or 90 min, and to 45 1C for 30 min. As expected, a short period at 45 1C was sufficient to cause NF-kB inhibition. The decrease of 11C in temperature required prolonging the exposure time to 60 min to obtain complete inhibition of NF-kB activity. No significant NF-kB inhibition was detected at 43 1C up to 150 min. Under all conditions, prolonged NF-kB inhibition was associated with apoptosis induction in HS-Sultan cells, as indicated by PARP cleavage (Supplementary Figure 1b) .
Heat stress inhibits constitutive NF-kB activity and induces apoptosis in different types of B-cell malignancies
We then analyzed whether heat stress could induce apoptosis in other types of malignant B cells and whether this effect was associated with NF-kB inhibition. First, we determined the status of constitutive NF-kB activity in a different Burkitt's lymphoma cell line, BL-41, which was previously reported to present aberrant NF-kB regulation. 24 BL-41, HS-Sultan and K562 cells were subjected to 45 1C HT for 45 min. HSF and NF-kB activity was analyzed after a 3-h recovery at 37 1C, whereas apoptosis was determined in parallel samples at 24 h after treatment. As shown previously, 24 BL-41 cells expressed constitutively high levels of NF-kB activity similar to HS-Sultan cells (Figure 2c There is genomic evidence that aberrant NF-kB activity is a hallmark of aggressive lymphoma subtypes classified as DLBCL, and in particular in the ABC lymphomas. 11, [31] [32] [33] To establish whether heat stress could induce apoptosis in DLBCL cells also and whether this effect was associated with NF-kB inhibition, we used four DLBCL cell lines with different patterns of NF-kB activation: two ABC cell lines (OCI-Ly10 and U2932) with high levels of constitutive NF-kB activity, and two GCB cell lines (OCI-Ly7 and OCI-Ly19) that did not present this type of aberration. 33 OCI-Ly10, U2932, OCI-Ly7 and OCI-Ly19 cells were subjected to 45 1C HT for 30 min. HSF and NF-kB activity was analyzed after a 3-h recovery at 37 1C, whereas apoptosis was determined in parallel samples at 7 h after treatment by determining the number of tetramethylrodamine methyl ester-negative cells, and the level of PARP cleavage. As expected, OCI-Ly10 and U2932 cells, but not OCI-Ly7 and OCI-Ly19 cells, expressed constitutively high levels of NF-kB DNA-binding activity (Figure 3a, top) . Exposure to 45 1C HT induced HSF activation in all cell lines, and markedly inhibited constitutive NF-kB activity in OCI-Ly10 and U2932 cells (Figure 3a) . ABC cells resulted to be much more sensitive to heat stress than GCB cells, undergoing massive apoptosis at 7 h after HT (Figures 3b and c) .
Finally, we also analyzed the effect of heat stress in several cell lines of multiple myeloma (MM), a different type of aggressive B-cell malignancy characterized by constitutively high levels of NF-kB. U266, RPMI-8226, KMM1 and JJN3r MM cells were subjected to 45 1C HT for 30 min. HSF and NF-kB activity was analyzed after a 3-h recovery at 37 1C, whereas apoptosis was determined at 24 h after treatment. As expected, high levels of NF-kB activity were detected in U266, RPMI-8226 and KMM1 cells, whereas JJN3r did not present this aberration (Supplementary Figure 2a, top) . Also in this case HT induced HSF activation in all cell lines and markedly inhibited NF-kB DNA-binding activity in U266, RPMI-8226 and KMM1 cells (Supplementary Figure 2a) . Concomitantly, HT strongly induced Figure 2 Temperature-dependent NF-kB inhibition is associated with induction of apoptosis in HS-Sultan B-cell lymphoma. HS-Sultan and K562 cells were either kept at 37 1C or subjected to heat shock for 45 min at the indicated temperatures. (a) After 3-h recovery at 37 1C, whole-cell extracts were analyzed for heat shock factor (HSF; top) or NF-kB (middle) activity using EMSA. At 24 h after hyperthermic treatment (HT), apoptosis was determined in parallel samples using FACS analysis of annexin V þ cells (bottom). (b) HS-Sultan and K562 cells were subjected to HT at 45 1C for the indicated periods. After 3-h recovery at 37 1C, whole-cell extracts were analyzed for HSF or NF-kB activity. In parallel samples, the number of annexin V þ cells was determined at 6 and 24 h after HT, and expressed as fold induction of untreated controls. (c) BL-41, HS-Sultan and K562 cells that were kept at 37 1C or subjected to heat shock (45 min at 45 1C) were analyzed for NF-kB (top) or HSF (middle) activity after 3-h recovery at 37 1C. The number of annexin V þ cells was determined at 24 h after HT, and expressed as a percentage of untreated controls (bottom). The results are representative of two independent experiments with similar results.
Heat shock impairs NF-jB survival signaling G Belardo et al apoptosis in U266, RPMI-8226 and KMM1 cells, whereas it had no effect in JJN3r cells (Supplementary Figure 2b) . Altogether, these results indicate that aggressive B-cell malignancies presenting NF-kB-dependent disruption of survival signaling are particularly sensitive to heat-induced apoptosis.
Heat-induced apoptosis is independent of protein synthesis
The results described above show that inhibition of constitutive NF-kB activity is strictly associated with HSF activation, as previously shown for mitogen-, cytokine-or virus-induced NF-kB activation. 13, 21, 34 Despite the large amount of literature describing a cross-talk between the HSF and NF-kB pathways, the molecular mechanism at the basis of this interaction remains elusive. Several HSPs have been indicated as possible mediators of NF-kB inhibition. In particular, HSP70, one of the main members of the HSP family, was recently shown to promote TNF-mediated apoptosis by binding to the IKKg-subunit of the IKK signalosome and inhibiting NF-kB-dependent survival signaling. 35 To analyze whether expression of newly synthesized protein, and in particular HSP70, was necessary to trigger the pro-apoptotic signal in heat-shocked HS-Sultan cells, K562 and HS-Sultan cells were treated with cycloheximide (100 mg/ml) or vehicle for 30 min at 37 1C, and then subjected to 45 1C HT for 45 min. After 3 h at 37 1C, whole-cell extracts were analyzed for HSF and NF-kB activity. HSP70 levels and the number of annexin V þ cells were determined at 24 h after HT in parallel samples. As expected, heat shock induced HSF activation and HSP70 expression in both HS-Sultan and K562 cells, whereas it completely inhibited NF-kB activity in HS-Sultan cells, resulting in massive apoptosis selectively in the Burkitt's lymphoma cell line (Supplementary Figures 3a and b) . Cycloheximide treatment did not inhibit HSF activation, but prevented HSP70 synthesis and resulted in a modest apoptosis increase in both cell types. Interestingly, cycloheximide was not able to prevent the HT-induced block of NF-kB activity and the consequent apoptosis in HS-Sultan cells ( Supplementary  Figures 3a and b, bottom) . These results indicate that heatinduced inhibition of constitutive NF-kB activity does not require de novo protein synthesis, and is independent of the synthesis of HSP70 or other molecular chaperones.
Heat-induced NF-kB inhibition leads to downregulation of anti-apoptotic protein cIAP-2
The presence of apoptotic HS-Sultan cells early (6 h) after heat stress (Figure 2b ) prompted us to analyze the possible mechanisms triggering cell death during the first few hours after heat exposure. HS-Sultan cells were subjected to 45 1C HT for 45 min, and analyzed for HSF and NF-kB activity at different times after recovery at 37 1C. Levels of the RelA/p65 NF-kB subunit, PARP, caspase-3 autocatalytic products p19/17 and different anti-apoptotic proteins were determined in parallel samples using western blot. As shown in Figure 4a , under these conditions HSF1 DNA-binding activity was sustained for at least 3 h and remained detectable up to 6 h after HT; in the same samples, NF-kB DNA-binding activity was inhibited immediately after heat treatment and for at least 8 h, whereas levels of the RelA/p65 NF-kB subunit were not altered. Interestingly, a caspase-3-dependent apoptosis was induced as soon as 2-3 h after heat stress, as indicated by the cleavage of PARP and processing of procaspase-3 (Figures 4a and c) . Rapid caspase activation may be in part responsible for prolonged NF-kB inhibition, as the regulatory subunit of IKK (IKKg or NEMO) has been shown to be proteolysed by cellular caspases, leading to NF-kB inactivation. 36 We then evaluated the effect of heat shock on the level of cIAP-2 and XIAP anti-apoptotic proteins, which are direct inhibitors of caspase-3 activity and whose expression is transcriptionally regulated by NF-kB, 37 in the same samples. As shown in Figures 4a and c , cIAP-2 levels were rapidly reduced in HS-Sultan cells with kinetics similar to caspase-3 activation and PARP cleavage. XIAP levels were also decreased, but at later times (6 h) after treatment, whereas Bcl-2 levels remained unchanged (Figure 4a ). To analyze whether the decrease in cIAP-2 protein was a consequence of reduced mRNA levels after heat shock, cIAP-2, Bcl-2 and HSP70 mRNA was evaluated in HS-Sultan cells at different times after HT using reverse transcriptase-PCR. As shown in Figure 4b , the amount of the HSF-driven HSP70 mRNA increased in a time-dependent manner after treatment, as expected. No significant change in Bcl-2 mRNA level was observed; conversely, cIAP-2 mRNA level was dramatically decreased as soon as 30 min after heat shock and remained barely detectable for the following 6 h. Heat shock impairs NF-jB survival signaling G Belardo et al
To determine whether similar effects could be detected in K562 cells, HS-Sultan and K562 cells were subjected to 45 1C HT for 45 min, and after 2, 4 or 6 h recovery at 37 1C, were analyzed for caspase-3 and PARP processing, and anti-apoptotic protein expression. Western blot analysis of PARP and procaspase-3, and FACS analysis of annexin-V þ cells at 24 h, confirmed that programmed cell death was induced selectively in HS-Sultan cells (Figures 4c and d) . Analysis of the antiapoptotic proteins showed that cIAP-2 basal levels were elevated in HS-Sultan cells and barely detectable in K562 cells, whereas XIAP levels seemed to be similar in both cell types (Figure 4c) . In HS-Sultan cells, the levels of cIAP-2 protein were already reduced at 2 h after HT, whereas XIAP levels decreased at 6 h, confirming the results described above; instead, cIAP-2 and XIAP levels were unchanged in K562 cells. These results support the hypothesis that cIAP-2 may have an important role in resistance to caspase-3-induced apoptosis in HS-Sultan cells. Interestingly, high levels of cIAP-2 were previously shown in Epstein-Barr virus-bearing lymphoid malignancies, and cIAP-2 overexpression was correlated with resistance to caspase-3-mediated apoptosis in some types of B-lymphoid neoplasms. 38 Furthermore, compounds that selectively target cIAP-1/2 for degradation have been recently shown to induce TNFadependent apoptosis in cancer cells. 39 XIAP was previously identified as a key factor in apoptosis resistance of Hodgkin's lymphoma-derived B cells. 40 Although we also observed a downregulation of XIAP in our model, this occurred at later times (6 h) after the beginning of the heat-induced apoptotic process, suggesting a secondary role in triggering apoptosis.
Inhibition of NF-kB by bortezomib or downregulation of endogenous p65 expression enhances heat-induced apoptosis in HS-Sultan cells
The role of NF-kB in heat-induced apoptosis of malignant B cells was analyzed using lentiviral-mediated RNA interference to induce a knockdown of the NF-kB p65 subunit, which represents the major constituent of the NF-kB complex in HSSultan cells. 24 Lentiviral vectors used to knockdown p65 expression, containing shRNA for the p65 gene (LV-shp65) or a sequence in which four-point mutations were introduced to generate a control shRNA (LV-shC) and a green fluorescent protein reporter, were described previously. 24 HS-Sultan and K562 cells were mock-transduced or transduced with the LV-shp65 vector or with the mutated LV-shC vector as a control. After 72 h, approximately 90% of the cells were found to be positive for green fluorescent protein, as determined using fluorescence microscopy. At 72 h after transduction, HS-Sultan and K562 cells were either stimulated with TNF-a (50 ng/ml) or subjected to HT for 45 min at 43, 44 or 45 1C. After 24 h recovery at 37 1C, the cells were analyzed using FACScan for apoptosis detection, and p65 levels were determined in wholecell extracts using western blot analysis. Quantitative determination of p65 protein indicated that p65 levels were only partially reduced (30-35%) in LV-shp65-transduced cells as compared with LV-shC-transduced cells. In spite of the modest reduction, the downregulation of p65 resulted in a cooperative effect in heat-treated HS-Sultan cells. As shown in Figure 5 , apoptosis levels were higher in p65-interfered HS-Sultan cells than in LV-shC-transduced or mock-transduced cells at all Heat shock impairs NF-jB survival signaling G Belardo et al twofold as compared with mock-transduced or LV-shC-transduced cells (Figure 5c ). This result is in line with the well-known role of NF-kB in counteracting the apoptotic stimulus triggered by TNF-a 41 . To confirm that NF-kB inhibition could enhance the effect of mild heat treatment in Burkitt's lymphoma cells, HS-Sultan and K562 cells were treated with different concentrations of the proteasome inhibitor bortezomib (Velcade, Millenium Pharmaceuticals), which is known to block NF-kB activity by preventing IkBa degradation, 42 or with the conventional drug dexamethasone. After 16 h, whole-cell extracts were analyzed for NF-kB DNA-binding activity. As shown in Figure 6a , at this time bortezomib was found to inhibit NF-kB activity in HS-Sultan cells dose dependently, whereas dexamethasone had no effect, confirming previous observations. 24 In a parallel experiment, HS-Sultan and K562 cells treated for 16 h with different concentrations of bortezomib or with dexamethasone were subjected to 43 1C HT for 45 min. Analysis of annexin V þ cells at 24 h after HT indicated that, in the absence of heat treatment, bortezomib induced apoptosis in HS-Sultan cells starting at the concentration of 7.5 and 10 nM concomitantly with NF-kB inhibition (Figure 6b) . As expected, a 43 1C HT caused a modest increase in the number of apoptotic cells (Figure 6b ). The number of apoptotic cells was increased in HS-Sultan cells pre-treated with 7.5 nM bortezomib, whereas treatment with dexamethasone did not enhance the effect of hyperthermic stress (Figure 6b ). It should be noted that pretreatment with bortezomib was unable to further enhance apoptosis under conditions of maximal response to heat (45 min at 45 1C; data not shown). Finally, neither bortezomib nor dexamethasone had any effect on NF-kB DNA-binding activity or apoptosis in K562 cells (Figures 6c and d) .
These observations suggest the interesting possibility that, in some types of cancers, co-treatment of sub-optimal doses of NF-kB inhibitors with mild heat stress may induce cell death under conditions in which the single treatment is not effective.
Conclusion
The HSR represents the major defense mechanism that cells use against the deleterious effects of environmental and physiological stress, which provoke cell damage because of protein misfolding, degradation and insoluble aggregation. 16 However, the role of HSR in cell fate is bimodal. Whenever the damage can be overridden with HSP chaperoning activity, the cell will survive; conversely, the stress response will trigger apoptosis. HSPs have an extremely complex role in the regulation of apoptosis. In particular, HSP70, HSP27 and HSP90 were shown to inhibit apoptosis by direct physical interaction with apoptotic molecules 20, 43 and their expression was linked to cancer apoptosis-resistance induced by chemotherapy and radiation therapy. 44 In fact, it was recently shown that inhibition or silencing of HSF1 leads to enhanced sensitivity of some types of solid tumors to hyperthermia or chemotherapy. [45] [46] [47] On the other hand, hyperthermia is one of the modalities used in the clinical setting to treat various forms of malignancies, and has been proven to be especially effective in combination with radiotherapy and chemotherapy in different types of cancer. 48, 49 In addition, several potent HSF1 inducers provoke apoptosis in some types of cancer cells. 24, 27 Recently, the clinical application of heat as a coadjuvant in cancer treatment is gaining new interest because of the substantial technical improvements achieved; 30 however, the molecular mechanisms at the basis of the differential sensitivity of different types of neoplasias to hyperthermic treatment are still mainly unknown, constituting a major obstacle in the use of this type of therapy.
Starting from our early discovery of a cross-talk between HSF1 and NF-kB, 13 there is a large amount of evidence that a variety of chemical HSR inducers, which include cyclopentenone prostanoids, sodium arsenite, the serine protease inhibitors N-a-tosyl-L-lysine chloromethyl ketone (TLCK) and 3,4-dichloroisocoumarin, as well as heat shock itself, prevent NF-kB activation triggered by cytokines, mitogens or viruses. 16, 21, 22, 34 In this study, using as a model HS-Sultan cells, a B-cell lymphoma characterized by high levels of constitutive NF-kB activity, 8 ,24,50 we show for the first time that heat stress is also Figure 6 The proteasome inhibitor bortezomib enhances heatinduced apoptosis in HS-Sultan cells. HS-Sultan (a, b) and K562 (c, d) cells were treated with the indicated doses of bortezomib, dexamethasone (DexaM) or control diluent. After 16 h, whole-cell extracts were analyzed for NF-kB activity using EMSA (a, c, top). The levels of NF-kB DNA-binding activity were quantitated using MDP analysis (a, c, bottom). In a parallel experiment, HS-Sultan (b) and K562 (d) cells treated with bortezomib or dexamethasone for 16 h were subjected to heat shock (HS) at 43 1C for 45 min ( þ ) or kept at 37 1C (À). After 24 h, the number of annexin V þ cells was determined in heat-shocked (empty bars) or not heat-shocked (filled bars) cells using FACS analysis. The results are representative of two independent experiments with similar results.
Heat shock impairs NF-jB survival signaling G Belardo et al able to inhibit constitutive NF-kB DNA-binding activity in B-cell malignancies. Heat-induced NF-kB inhibition leads to rapid downregulation of the anti-apoptotic protein cIAP-2, followed by activation of caspase-3 and cleavage of the caspase-3 substrate PARP, causing massive apoptosis under conditions that do not affect viability in cells not presenting NF-kB aberrations. NF-kB inhibition by the proteasome inhibitor bortezomib and by shRNA interference results in increased sensitivity of lymphoma cells to hyperthermic stress. We also show that, in addition to HS-Sultan cells, heat stress is able to inhibit constitutive NF-kB activity and induce massive apoptosis in other types of aggressive B-cell malignancies presenting aberrations in the regulation of the nuclear factor. These include multiple myeloma and the ABC subtype of DLBCL, the most common type of non-Hodgkin's lymphoma, which represents an important clinical challenge as patients with ABC DLBCL respond poorly to conventional chemotherapy and present a distinctly inferior prognosis. 11, 31, 32 Altogether, these findings indicate that aggressive B-cell malignancies presenting constitutive NF-kB activity are sensitive to heat-induced apoptosis, and suggest the interesting possibility that aberrant NF-kB regulation may be a marker of heat stress sensitivity in cancer cells.
